The structural characteristics of pyrocarbon/X (X = fumed silica, mesoporous silica gel, fumed titania/silica, CVD-TiO 2 /fumed silica, CVD-TiO 2 / silica gel) prepared using several precursors [CH 2 Cl 2 , cyclohexene and TiO(AcAc) 2 , where Ac = acetylacetonate] were studied using the nitrogen adsorption/desorption method and an improved technique to allow the calculation of pore size distributions applying regularization procedures. Various pore models were used for the carbon phase. The pyrocarbon structure and distribution on the TiO 2 /SiO 2 supports depends primarily on the structural features of the titania phase which exhibits catalytic activity in the pyrolysis of organic materials. The formation of relatively large concentrations of pyrocarbon typically reduces the porosity and specific surface area of the hybrid adsorbents produced.
INTRODUCTION
Mixed oxides of the type X/SiO 2 (where X = TiO 2 , etc.) prepared using various methods such chemical vapour deposition of the X phase on to the silica surface, the simultaneous synthesis of both phases using pyrogenic, sol-gel or other techniques (Legrand 1998; Degussa Technical Bulletin 1997) can differ strongly in their physicochemical properties (e.g. adsorptive and catalytic capabilities) due to features of the X phase per se, the X/SiO 2 interface and the silica support. Thus, the production of hybrid pyrocarbon-mineral adsorbents based on X/SiO 2 oxides, even under identical conditions using the same organic precursors, can result in the generation of markedly different carbon phases during pyrolysis due to the effect of mixed oxide matrices which typically exert a catalytic activity during the pyrolytic process (Fenelonov 1995) .
EXPERIMENTAL Materials
Carbosil samples were synthesized via the pyrolysis of CH 2 Cl 2 on to a fumed silica substrate (undertaken at the Pilot Plant of the Institute of Surface Chemistry, Kalush, Ukraine) at temperatures within the range 673-823 K for 60-120 min . Highly dispersed fumed TiO 2 /SiO 2 samples with different concentrations of TiO 2 (prepared at the Pilot Plant of the Institute of Surface Chemistry, Kalush, Ukraine) were used as the starting materials for the preparation of hybrid C/TiO 2 /SiO 2 (C/TS) adsorbents. The CVD-TiO 2 /fumed SiO 2 samples were synthesized by means of a chemical vapour deposition (CVD) technique using fumed silica A-300 as the substrate . The titania phase in fumed TiO 2 /SiO 2 was crystalline and consisted of a blend of anatase (major fraction, ca. 80-85% of the total) and rutile, whereas only anatase was typically observed in CVD-TiO 2 /SiO 2 . Carbosil samples were synthesized via the pyrolysis of cyclohexene on oxide substrates at 973 K for 240 min (Gun'ko et al. 2000f,h) .
Mesoporous silica gel Si-60 (Merck) was used as the initial adsorbent to prepare carbon/TiO 2 / silica materials (carbosils, CS x ) by pyrolysis of the acetylacetonate (AcAc) of titanium [TiO(AcAc) 2 ] (Aldrich) immobilized on silica gel via the impregnation method. Pyrolysis of TiO(AcAc) 2 deposited on silica gel was carried out in an autoclave at 773 K for 6 h. This carbon/mineral adsorbent is coded below as CS Ti . Carbosil sample CS-3 was prepared using pure acetylacetone (Koch-Light Co.) as a precursor employing 0.04 mol/5 g of the pristine silica gel (Gun'ko et al. 2000i) .
Commercal mesoporous silica gel KSK-2 (Russia) was utilized as the initial material to prepare titania/silica gel (CVD-TSG) Gun'ko et al. 2000b) . The CVD-TSG samples were synthesized at 473 K (K28, TiO 2 represents anatase) and 873 K (K68, TiO 2 is rutile + anatase) with eight CVD-hydrolysis cycles. Carbon/oxide samples K282 and K682 were synthesized using the pyrolysis of cyclohexene on CVD-TSG surfaces at 973 K for 5 h Gun'ko et al. 2000b) . Note that the sample numbers employed are the same as those used in previous papers Gun'ko et al. 2000b ).
Methods

Nitrogen adsorption/desorption isotherms
Such isotherms were recorded at 77.35 K using a Micromeritics ASAP 2010 (V-2.00) adsorption analyzer, the specific surface areas (S BET ) being computed using the standard BET equation (Gregg and Sing 1982) . The total pore volume (V p ) was estimated from the adsorption at P/P 0 » 0.98-0.99 by converting the volume of adsorbed nitrogen into the corresponding liquid volume, while the average pore radius was calculated using the simple relationship for cylindrical pores, i.e. R p = 2V p /S BET (Tables 1-4). 
Computations
The pore size distributions f(R p ) were calculated using the overall isotherm equation (Nguyen and Do 1999, 2000) , which for adsorption on the j-phase of a hybrid adsorbent can be written as:
r min r k (P) R p where r min and r max are the minimal and maximal half-widths or pore radii, respectively; w j = 1 for slit-like pores and 2 for cylindrical pores; r k (P) is determined using the modified Kelvin equation:
and t(P,R p ) can be computed from the modified BET equation:
where b = exp(De/R g T); De is the excess evaporation heat due to interference between layers on opposite pore walls (determined as a variable parameter using the local isotherm approximation, LIA); t(P,R p ) is the statistical thickness of the adsorbed layer; a m is the BET monolayer capacity; c = c s exp[(Q p -Q s )/R g T]; c s is the BET coefficient for adsorption on a flat surface, i.e. c s = ge (E -Q L )/R g T and calculated using LIA; Q L is the heat of liquefaction, E is the adsorption energy, g is a constant; Q s and Q p are the adsorption heat on a flat surface and in the pores, respectively; z = P/P 0 ; n is the number (non-integral) of statistical monolayers of adsorbate molecules, its maximal value for a given value of r being equal to (R p -s s /2)/t m ; and s s is the collision diameter of the surface atoms. Desorption data were utilized to compute the f(R p ) distributions employing equation (1) and a regularization procedure (Provencher 1982a,b) under non-negativity conditions for f(R p ) and a fixed regularization parameter a = 0.01.
For fumed oxides with spherical primary particles, equation (2) should be replaced by the following equation (Gregg and Sing 1982) :
where R is the radius of the primary particle and t¢ = t + s s /2. The value of w in equations (1) and (2) is determined by the dependence of dV/dS on R p , and corresponds to R p /2 for cylindrical pores, for example (Gregg and Sing 1982) .
RESULTS AND DISCUSSION
According to measurements of the accessible surface area of the pyrocarbon phase prepared on Si-60 by the pyrolysis of methylene chloride at 823 K (Villieras et al. 1998; Leboda et al. 2000b) , the specific surface area of this phase decreases from 740 m 2 /g (carbon concentration, C C = 0.8 wt%) to 56 m 2 /g (C C = 35 wt%). However, with the pyrocarbon/fumed silica reduction product, the value of S BET (and of V p ) is smaller (Tables 1 and 2 ) than those for the pyrocarbon/silica gel (Tables 3 and 4, Figure 1 ; see also Gun'ko et al. 2000c,d,h; Leboda et al. 2000a) . Typically, at high C C values, the pyrocarbon formed on the silica surface (which does not exhibit a marked catalytic activity in the pyrolysis process) consists of relatively large and dense spherical particles possessing a low or negligible intrinsic porosity (Fenelonov 1995) . In the case of mixed oxides possessing significant catalytic activity in the pyrolysis (Figure 2) , nuclei of the carbon deposit form near active sites (Brönsted and Lewis acid sites or, for example, on anatase, sites which are active in redox reactions), their distribution impacting on the structural characteristics [e.g. particle size distribution, aggregation of tiny particles (1-3 nm) to larger pyrocarbon globules of dozens or hundreds of nanometers] observed in TEM micrographs (Gun'ko et al. 2000a,i; Villieras et al. 1998) . Hence, the changes in S BET and V p for C/TS (Table 2, Figure 1 ) are lower than those for C/fumed silica at similar values of C C , i.e., the pyrocarbon in C/TS is more dispersed than that in C/fumed silica. For C/silica gel and C/CVD-TiO 2 /silica gel, these changes are larger due to the internal porosity of the silica gel matrix and the crystalline and morphological features of the titania phase (Table 3) . For instance, a segregated and denser TiO 2 phase on the silica gel surface [K68 with rutile + anatase prepared at 873 K Gun'ko et al. 2000b) ] causes lower changes in the S BET value and porosity than the less dense titania (K28 with anatase) prepared at a lower temperature (473 K). The largest relative changes in porosity and S BET are observed in the case of simultaneous CVD processes for carbon and titania such as occur on pyrolysis of TiO(AcAc) 2 on Si-60 surfaces (Table 4) . It should be noted that pyrolysis of the acetylacetonates of Ti, Cr, Co, Ni, Zn and Zr or acetylacetone on silica gel (Si-60) results in the formation of pyrocarbon/X (where X is the corresponding oxide, silicate or metal phase) deposits possessing different morphologies dependent on the nature of X (Gun'ko et al. 2000d,i) . Additional information illustrating features of the pyrocarbon deposit prepared using different precursors on the various supports can be obtained by means of an analysis of the pore size distributions f(R p ) computed via equation (1) and the regularization procedure. To compute f(R p ), we employed models of cylindrical pores for silica gel, pores between spherical particles for fumed and CVD-oxides and pyrocarbon, and, finally, a pyrocarbon model with slit-like pores (Fenelonov 1995; Gregg and Sing 1982) using the sum of equation (1) corresponding to each j-phase in the hybrid adsorbent (Gun'ko et al. 2000d,e,g) .
The intensity of all the f(R p ) peaks for C/fumed silica prepared by the CH 2 Cl 2 pyrolysis method typically decreases with C C (Figure 3) . However, f(R p ) for pores with R p < 100 nm for CS 64 is greater than that for CS 40 , as the last has a marked maximum at R p > 100 nm which makes a significant contribution to V p [note that f(R p ) is normalized with respect to V p ]. The use of the models for pores (gaps) between spherical particles [ Figure 3(a) ] and slit-like pores between graphenes leads to some changes in the intensity of the f(R p ) peaks [Figure 3(b) ]; however, their positions are practically the same. Note also that this result demonstrates the reliability of the method employed, as the positions of the computed f(R p ) distributions depend to a greater extent on adsorption versus P/P 0 than on any pore model. The appearance of new f(R p ) peaks at R p > 10 nm for CS samples (Figure 3) is due to the formation of large pyrocarbon globules, since the gaps between such globules in carbon-carbon aggregates or carbon-silica particles can correspond to large pores.
The differences in f(R p ) for C/fumed TS [ Figure 4 (a)] and C/CVD-TiO 2 /fumed silica [ Figure  4 (b)] could be caused by features of the titania phase distribution in these mixed oxides since, as in CVD-TiO 2 /fumed silica, the titania particles are relatively large [up to 100-150 nm in size ] and make only a small contribution to the specific surface area of the mixed oxide. However, titania possesses a greater catalytic activity in pyrolysis than silica ( Figure 1) ; for this reason, pyrocarbon forms on the titania particles and thereby exerts only a small influence on the pore size distribution of the whole adsorbent, especially at low C C [Figure 4(b) ].
With C/CVD-TiO 2 /silica gel [ Figure 5 (a)], the carbon deposit fills the mesopores leading to a decrease in the main f(R p ) peak which shifts towards smaller R p values. It should be noted that larger mesopores appear at R p > 10 nm and also lead to changes in f(R p ) intensity, but their f(R p ) intensities are significantly less than that of the main f(R p ) peak. Consequently, carbon per se has a low porosity in these hybrid adsorbents, the particles formed on the outer surfaces of silica gel globules (initially on relatively large CVD-TiO 2 particles formed on the external surfaces of silica gel globules) are typically single, large and dense [i.e. they are virtually non-porous and do not generate a secondary porosity, as they are mainly single or only form aggregates with a limited number of globules, according to TEM and other data Gun'ko et al. 2000b)] . A portion of the carbon deposit formed in silica gel mesopores (containing a portion of CVD-TiO 2 ) consists of small and dense particles, i.e. their own microporosity was also low. A similar result is observed for CVD-C/CVD-TiO 2 /Si-60 [ Figure 5 (b)]; however, in this case, the fraction of external C/TiO 2 phases (formed via simultaneous CVD processes for both phases) can be greater than for C/CVD-TiO 2 /KSK prepared using the two-step synthesis method.
CONCLUSIONS
The structural features of TiO 2 /SiO 2 mixed oxides prepared using different silica matrices and various synthetic techniques lead to significant differences in the distribution of pyrocarbon on the supports and its particle size distribution. In general, at concentrations in the range several to dozens of percentages, pyrocarbon consists mainly of large individual dense globules (even larger than 100 nm) and possesses a low porosity arising mainly from the outer surfaces of these globules. Tiny dense carbon particles can fill mesopores or gaps (channels) between the spherical particles of fumed oxides. The pyrocarbon phase forms preferentially near the titania particles or TiO 2 /SiO 2 interfaces which possess catalytic activity in the pyrolysis process. The formation of pyrocarbon results in major dramatic changes in the porosity of titania/silica gel supports during simultaneous CVD processes for both the pyrocarbon and titania phases as occurs on TiO(AcAc) 2 pyrolysis. Thus, the choice of matrix and technique for the synthesis of oxide and carbon deposits allows one to effect a dramatic change in the structural characteristics of hybrid adsorbents in whatever direction is desired.
